Introduction {#S1}
============

Acrylamide (AA) was first detected in heat-treated foods, especially potato chips, at high concentrations (mg/kg) by a group of Swedish researches \[[@R01]-[@R03]\]. This finding aroused great interest in all the world because of the well-known toxicity of AA, classified as \"probably carcinogenic to humans\" (Group 2A) by the International Agency for Research on Cancer \[[@R04]\] and as an A3 carcinogen (confirmed animal carcinogen with unknown relevance to humans) by *The American Conference of Governmental Industrial Hygienists* (as cited in *Agency for Toxic Substances and Disease Registry* \[[@R05]\]). Experimental studies in animals have shown that acrylamide causes chronic nephrotoxicity, adverse reproductive effects, and is characterized by genotoxic and carcinogenic activity mainly in glands: thyroid, mammary, adrenal, pituitary etc. \[[@R06]-[@R09]\]. The genotoxic activity of acrylamide seems to be partly mediated by its main metabolite, glycidamide \[[@R10]-[@R12]\], which is mutagenic \[[@R13]-[@R15]\].

The risk of cancer due to AA intake is unclear; the epidemiological studies on humans up to present have reported conflicting data and do not provide any substantial evidence that dietary exposure to AA is associated with cancer in humans, therefore more data are necessary to better assess the risk from dietary intake \[[@R07], [@R16]\], whereas the neurotoxicity activity of AA in humans is rather well known in accidental or occupational exposure through inhalation or dermal absorption \[[@R17]\].

AA is produced during thermal processing, at temperatures of 120°C or higher and low moisture, mainly via the Maillard reaction, responsible for the flavour and colour of cooked foods, between amino acids (mainly free asparagine) and reducing sugars, such as glucose and fructose \[[@R01], [@R07], [@R18], [@R19]\]. However, several other pathways and precursors have been proposed to contribute to AA formation as reviewed by Keramat et al. \[[@R20]\]. Most of AA is formed rapidly during final phases of baking, grilling or frying processes \[[@R21]\] of carbohydrate-rich foods such as fried potato and bakery products, biscuits, breakfast cereals, cocoa and coffee.

After ingestion, AA is rapidly absorbed and distributed to different body tissues and organs such as muscle, liver, heart, thymus, brain, kidneys, placenta and breast milk, thus also representing a significant risk to the health of foetus and infants \[[@R22], [@R23]\].

AA is metabolized by the liver to the reactive genotoxic epoxide, glycidamide. AA and glycidamide are then conjugated with glutathione, following the classical detoxification scheme, and eliminated in urine as mercapturic acid derivatives \[[@R24]\]. Since the urinary excretion is about 50% in the first 24 hours and 90% within 7 days, the AA metabolites could be used as an intake biomarker as recent exposure to AA \[[@R16], [@R23], [@R25], [@R26]\].

As stated above, with concern for the potential risk on human public health, and in particular in babies and adolescents, since 2003, at the request of the European Commission \[[@R27]\], many studies have been carried out worldwide both on the development of analytical methods and on the determination of AA in food. According to this Recommendation, furthermore, Member States should carry out AA monitoring annually and provide the relative data to the *European Food Safety Agency* (EFSA) by June 1^st^ of the following year.

The recent EFSA Scientific Report \[[@R28]\] showed the results of the monitoring of AA in specific food categories from 2007 to 2010 and the estimation of the trend in AA levels by comparing results from 2007, 2008, 2009 and 2010 in main food categories and sub-categories. Data collected showed only a few changes in the trend of AA values: a decrease in \'processed cereal based foods for infants and young children\' and an increase in \'coffee and coffee substitutes\'. The highest AA levels have been found in fried potato products, bread, bakery products and coffee. In 2010 the AA mean values ranged from 31 μg/kg in \'other processed cereal based foods for infants and young children\' to 1350 μg/kg in \'coffee substitutes\', while breakfast cereals and biscuits had mean values of 138 μg/kg and 289 μg/kg respectively. The last Scientific Opinion on AA in Food by EFSA \[[@R29]\] published in 2015, confirms that the major contributing foods to AA exposure are potato products, coffee and bakery products (biscuits and bread) and relates that dietary AA intake is estimated in the range of 0.3-1.9 μg/ kg b.w. per day for the general population, and for the 95^th^ percentile exposure from 0.6 to 3.4 μg/kg b.w. per day. EFSA concludes that \"AA in food potentially increases the risk of developing cancer for consumers in all age groups\".

Within the *European Prospective Investigation into Cancer and Nutrition* (EPIC) study, Freisling et al. \[[@R30]\] estimated the AA intake in 10 European countries: the study, involved a total of 39 994 participants, aged 35- 74, showed that the mean intake ranged from 12 to 39 μg per day for women and from 13 to 47 μg for men.

Moreover, a substantial probability that the intake by children and adolescents is remarkably higher than that of adults must be considered, due to their more frequent consumption of certain foods such as fried potato products and biscuits.

A large group of products contributing to AA intake is cereal-based food. In Italy, to our knowledge, the data regarding dietary AA exposure principally concerned potato chips, which are estimated to contribute about 30% of the total diet \[[@R31]-[@R33]\] and coffee \[[@R34]\], whereas cerealbased foods have been investigated less in recent years.

A maximum limit for AA in drinking water (0.5 μg/L) has been established by WHO \[[@R35]\], but no limit is established in food.

In 2011, the European Commission \[[@R36]\] established indicative values, as amended by Recommendation EC of 2013 \[[@R37]\], for the food categories cited in Recommendation EC of 2010 \[[@R38]\] including \'french fries\', \'potato crisps\', \'soft bread\', \'breakfast cereals\', \'biscuits, crackers, wafers, crisp bread and similar\', \'roast coffee\', \'instant coffee\', \'biscuits and rusks for infants and young children\', \'processed cereal based foods for infants and young children\' and \'baby foods, other than processed cereal based foods\', with the exception of the products for home cooking and \'other products\'. This Recommendation stresses that \'these values are to be understood as indicative of the need for an investigation and not as safety thresholds\'.

In Italy, the second largest item of expenditure in the cereals derivatives segment is products for breakfast (30% of total). 95% of Italians buys biscuits at least once a year. In 2013 an increase in the volume of purchases of bakery products was observed (+ 3.2%) compared to 2012 \[[@R39]\]. Furthermore, although in Italy the breakfast cereals market is not yet as developed as in other countries, over the last few years we have witnessed a process of strong sales growth in volume. In particular, from 2004 to 2007, the share of household spending on breakfast cereals has increased. In 2007, fortified cereals and grains held the vast majority of sales quotas by volume, with 46% and about 44% respectively \[[@R40]\].

The occurrence of AA in commercially available food is a matter of interest for public health due to continuous and prolonged exposure to a probable carcinogenic substance. As the ingestion of contaminated food is the primary route of potential human exposure to AA, the aim of this research was to determine AA levels in cereal- based food, in particular biscuits and breakfast cereals, considering the widespread use of these products for all ages.

Materials and methods {#S2}
=====================

SAMPLES {#S2a}
-------

A total of 56 samples of biscuits and breakfast cereals of the most consumed brands in Italy (17 and 5 respectively) were randomly collected in the two major supermarkets in Florence, as indicated by the European Commission Recommendation n° 307 \[[@R38]\], and tested for AA. The samples collected included 12 breakfast cereals and 44 biscuits whose composition consisted of maize, rice, malt, oatmeal, wheat, spelt, barley, rye and cocoa in different combinations.

AA DETERMINATION {#S2b}
----------------

AA determination was carried out following the method of Wang et al. \[[@R41]\] except for some modifications both in the extraction procedure and in the instrumental working conditions \[[@R42]\]. The HPLC method adopted is fast and cost-effective and it can be applied to screen the occurrence of AA in food samples ensuring a good degree of reliability.

INSTRUMENTS AND REAGENTS {#S2c}
------------------------

All organic solvents, methanol and acetonitrile, were from J.T. Baker (Deventer, Holland) HPLC-grade. Water was purified by a Milli-Q-RO4 water purification system (Millipore, Bedford, MA, USA) with a resistivity of 10 MΩ·cm. The standard AA was purchased from Fluka (Deisenhofen, Germany). Potassium hexacyanoferrate (II) trihydrate and zinc sulfate heptahydrate were obtained from Merck (Darmstad, Germany). Oasis HLB 200 mg/6 mL SPE cartridges were obtained from Waters (Milford, MA, USA). Bond Elut-Accucat (200 mg/3 mL) SPE cartridges were purchased from Varian (Chicago, IL, USA) and used with a SPE vacuum manifold (Visiprep, Supelco, Bellefonte, PA, USA). Amber glass auto-sampler vials with septum screw caps were obtained from Agilent Technologies (Wilmington, DE, USA). The analytical column (Atlantis dC18, 250 × 4.6 mm/5) with pre-column and syringe filters (0.45 μm PVDF) were from Waters (Milford, MA, USA).

A standard AA stock solution (1.0 mg/mL) was prepared by dissolving 1.0 mg of AA in 1.0 mL of Milli-Q water. To weigh AA, an electronic analytical balance (Radwag, PCE group, 0.01 mg Radom, Poland) was used. The AA stock solution was diluted in amber glass volumetric flasks to prepare calibration standards at 50, 100, 200, 500, 800 and 1000 ng/mL respectively and stored at 4°C until use.

SAMPLE PREPARATION {#S2d}
------------------

100 g of each sample was finely pulverized, homogenized and dehydrated at 103°C for 4 hours, prior to sampling. Two 1.0 g solid samples were accurately weighed into centrifuge tubes.

A volume of 10 μl of the internal standard solution, AA at 100 μg/mL, was added to one centrifuge tube for recovery study. AA was extracted by adding 8 mL of water. The samples were shaken for 3 min on a Vortex and centrifuged (15 min at 3100 x g). The aqueous phase was collected and the extraction process was repeated twice, each time adding 2 mL of water, shaking for 2 min, and centrifuging for 15 min at 3100 x g. Aliquots of 1 ml of a 0.355 mol/l potassium hexacyanoferrate (II) trihydrate solution (Carrez I) and 1 ml of a 1.04 mol/l zinc sulfate heptahydrate solution (Carrez II) were added to the supernatant for protein precipitation. The samples were shaken for 2 min, kept cool at 4°C for 30 min, then centrifuged (15 min at 3100 x g). The samples were filtered through a 0.45 μm Millex syringe filter. Oasis HLB SPE cartridges and Bond Elut-Accucat SPE cartridges, conditioned with methanol and washed by water, were used in sequence to remove the first eluted fraction containing interfering substances. The final eluted fractions were concentrated to 1 mL by evaporation under vacuum at 45°C kept in amber glass vials at 4°C before injection.

HPLC-UV ANALYSIS OF AA {#S2e}
----------------------

HPLC-UV analysis was performed with a HPLC instrument equipped with a vacuum degasser, a binary pump, an autosampler, and a DAD detector (Waters 1525 binary pump /Waters 996 PDA detector), at room temperature. The injection volume of calibration standards and sample extracts was 20 μl; AA was detected at two UV wavelengths of 200.5 and 210 nm. An isocratic elution was performed at a flow rate of 0.5 ml/min; the mobile phase consisted of water/acetonitrile 96:4 (v/v).

The retention time of AA was approximately 10.1 min, and the total run time was 35 min.

Under these chromatographic conditions, AA and the food components in the samples were all separated and eluted. AA content is resulting from an average of three measurements and the relative standard deviation of each sample was below 10%.

The AA recovery was on average 87%.

[Table I](#T1){ref-type="table"} reports the analytical parameters calculated in the range of 0.05-2 μg/g. The Limit of Detection (LOD) (calculated using the criterion signal to noise, s/n, of 3:1) and Limit of Quantification (LOQ) (calculated using the criterion s/n of 7:1). The intra-day and inter-day measurements show a good repeatability and reproducibility of the analytical methodology.

###### 

Analytical data of the acrylamide standard solution analysed by HPLC-UV: linear regression equation (peak area/conc.) and correlation coefficient (R^2^) calculated in the linearity range 0.05-2 μg/g at wavelengths 210 and 200.5 nm; limit of detection (LOD, s/n = 3/1) expressed as μg/kg; limit of quantification (LOQ, s/n = 7/1) expressed as μg/kg; intra-day RSD and inter-day RSD (n = 3).

  Linear regression equation   R^2^    LOD (μg/kg)   LOQ (μg/kg)   Intra -day [^a^](#T1FN1){ref-type="table-fn"} RSD   Inter-day [^b^](#T1FN2){ref-type="table-fn"} RSD   Wavelength
  ---------------------------- ------- ------------- ------------- --------------------------------------------------- -------------------------------------------------- ------------
  y = 116616 x -4415. 8        0.998   10            28            3-6.6                                               6.8                                                210 nm
  y = 250771 x -2640. 9        0.999   10            28            4.2-7.2                                             1.9                                                200.5 nm

Values are referred to six independent samples analyzed in one day

Values are referred to six independent samples analyzed three times in three different days

Results and discussion {#S3}
======================

The results of the survey are shown in [Tables II](#T2){ref-type="table"} and [III](#T3){ref-type="table"}. According to Commission Recommendation n° 307 (2010) the main ingredients are reported for each sample. Our results are comparable to those of other studies \[[@R43]-[@R45]\].

###### 

Acrylamide (AA) content (μg/kg) in biscuits.

  ------------------------------------------------------------------------------------------------------------
  Biscuits\                                   Main ingredients [^a^](#T2FN1){ref-type="table-fn"}   AA μg/kg
  (N. samples)                                                                                      
  ------------------------------------------- ----------------------------------------------------- ----------
  Brand 1\                                    Grain                                                 50
  (2)                                                                                               

  Wheat /barley                               30                                                    

  Brand 2\                                    Wheat/rice/barley                                     66
  (4)                                                                                               

  Wheat/oat                                   200                                                   

  Wheat/cocoa                                 200                                                   

  Wheat/maize                                 30                                                    

  Brand 3\                                    Wheat /cocoa                                          310
  (1)                                                                                               

  Brand 4\                                    Wheat/maize/rice/oat                                  560
  (3)                                                                                               

  Grain/maize/oat                             840                                                   

  Grain                                       50                                                    

  Brand 5\                                    Wheat /cocoa                                          400
  (1)                                                                                               

  Brand 6\                                    Wheat                                                 \< LOD
  (7)                                                                                               

  Wheat/oat                                   300                                                   

  Whole grain                                 90                                                    

  Wheat                                       80                                                    

  Hazelnuts/ cocoa                            590                                                   

  Wheat /cocoa                                200                                                   

  Wheat /cocoa                                820                                                   

  Brand 7\                                    Wheat                                                 260
  (1)                                                                                               

  Brand 8\                                    Whole grain                                           450
  (1)                                                                                               

  Brand 9\                                    Wheat/maize                                           \< LOD
  (2)                                                                                               

  Wheat                                       30                                                    

  Brand 10\                                   Whole grain/oat                                       430
  (2)                                                                                               

  Wheat                                       280                                                   

  Brand 11\                                   Grain                                                 840
  (2)                                                                                               

  Whole grain                                 720                                                   

  Brand 12\                                   Grain /cocoa                                          840
  (2)                                                                                               

  Wheat                                       50                                                    

  Brand 13\                                   Maize/barley                                          280
  (3)                                                                                               

  Wheat                                       190                                                   

  Wheat /cocoa                                90                                                    

  Brand 14\                                   Wheat/oat/barley/\                                    940
  (1)                                         Rice/maize/rye                                        

  Brand 15\                                   Wheat                                                 100
  (2)                                                                                               

  Wheat                                       180                                                   

  Brand 16\                                   Wheat /cocoa                                          140
  (3)                                                                                               

  Wheat/rice                                  30                                                    

  Wheat                                       40                                                    

  Brand 17\                                   Wheat                                                 40
  (7)                                                                                               

  Grain                                       60                                                    

  Wheat /rice                                 30                                                    

  Grain/barley/rice/\                         530                                                   
  Oats/rye                                                                                          

  Wheat /cocoa                                240                                                   

  Wheat /cocoa                                490                                                   

  Wheat /cocoa                                700                                                   

  mean [^b^](#T2FN2){ref-type="table-fn"}     297.18                                                

  median [^b^](#T2FN2){ref-type="table-fn"}   200                                                   

  LB - UB                                     \< LOD - 940                                          
  ------------------------------------------------------------------------------------------------------------

The first is the ingredient present in the largest quantity

Results lower than LOD were assigned ½ LOD

LB: lower bound

UB: upper bound

###### 

Acrylamide (AA) content (μg/kg) in breakfast cereals.

  ------------------------------------------------------------------------------------------------------------
  Breakfast cereals\                          Main ingredients [^a^](#T3FN1){ref-type="table-fn"}   AA μg/kg
  (N. samples)                                                                                      
  ------------------------------------------- ----------------------------------------------------- ----------
  Brand 1\                                    Maize/rice                                            360
  (1)                                                                                               

  Brand 2\                                    Oat/wheat/maize/rice                                  \< LOD
  (3)                                                                                               

  Rice/wheat                                  \< LOD                                                

  Wheat/maize/rice/cocoa                      220                                                   

  Brand 3\                                    Wheat/rice/oat                                        280
  (5)                                                                                               

  Wheat/cocoa                                 60                                                    

  Maize/barley                                \< LOD                                                

  Maize/oat/rice/cocoa                        110                                                   

  Grain/oat/rice/cocoa                        450                                                   

  Brand 4\                                    Wheat/rice/cocoa                                      810
  (2)                                                                                               

  Spelt                                       780                                                   

  Brand 5\                                    Wheat/cocoa                                           80
  (1)                                                                                               

  mean [^b^](#T3FN2){ref-type="table-fn"}     263.75                                                

  median [^b^](#T3FN2){ref-type="table-fn"}   165                                                   

  LB - UB                                     \< LOD - 810                                          
  ------------------------------------------------------------------------------------------------------------

The first is the ingredient present in the largest quantity

Results lower than LOD were assigned ½ LOD

LB: lower bound

UB: upper bound

Of 56 samples tested, only five had AA concentrations below the detection limit (10 μg/kg). The percentage of positive samples (≥ LOD) we detected in both kinds of food analysed was higher in biscuits (95.5%) than in breakfast cereals (75%) with a wide range of contamination and a considerable variability, as indicated from the high levels of standard deviation (294.1 and 287.75 respectively), also within each brand especially in biscuits ([Tab. II](#T2){ref-type="table"}). In detail, the standard deviation of the samples of brand 6 was 297.85 (AA levels ranging from \< LOD to 820 μg/kg) while that of brand 17 was 298.57 (AA levels ranging from 30 μg/kg to 700 μg/kg). The biscuits of three brands (number 1, 9 and 16) showed the lower values, ranging from 30 to 50 μg/kg, from \< LOD to 30 μg/kg and from 30 to 40 μg/kg respectively.

In the biscuit category, compared to that of breakfast cereals, we noted also the highest value, in spite of the fact that the average value and the median are slightly lower. The range of contamination of biscuits was from 30 μg/ kg to 940 μg/kg. Only ten samples (22.7%) of biscuits showed a concentration above 500 μg/kg, set as the indicative value recommended \[[@R37]\]. The maximum level of 940 μg/kg was found in the sample of brand 14 ([Tab. II](#T2){ref-type="table"}), probably due to the industrial process conditions and to the presence of many different ingredients, such as wheat, oat, barley, rice, maize, rye. Ingredients indeed play an important role in AA formation, as different cereals have different amounts of free asparagine and reducing sugars available for the Maillard reaction \[[@R23]\].

EC Recommendation n° 647 \[[@R37]\] amended the previous indicative values for breakfast cereals according to the composition: for bran products and whole grain cereals the indicative value is 400 μg/kg, for wheat and rye based products it is 300 μg/kg, while for maize, oat, spelt, barley and rice based products the value is 200 μg/kg.

In the category of breakfast cereals tested, the AA occurrence, ranging from 60 to 810 μg/kg, is less frequent (75%) than in biscuits, although the percentage of samples with AA concentration above the indicative values recommended (33%) was higher than that stated in the EFSA report \[[@R28]\]. The mean value obtained was 263.75 μg/kg and the median value was 165 μg/kg; both these values were lower than those of the biscuits (297.18 and 200 μg/ kg respectively) and in agreement with data recorded in Europe and other countries \[[@R07], [@R21], [@R28]\].

The highest values were found in two samples of brand 4, one consisting of spelt (780 μg/kg) and the other consisting of wheat, rice and cocoa (810 μg/kg): this also supports the hypothesis that the industrial process of preparation is the determinant key factor.

Of 56 samples tested, 18 (32.1%) contained cocoa: 12 (27.3%) biscuits and six (50%) breakfast cereals. None of these had AA concentrations below the detection limit, and they showed a wide range of contamination, from 60 μg/kg in a breakfast cereal to 840 μg/kg in a biscuit sample. The average value of all samples containing cocoa was 375 μg/kg and the median 275 μg/kg. In comparison to the rates related to the AA contamination in the samples without cocoa (mean = 242.6 μg/kg, median = 95 μg/kg), we suppose that the presence of cocoa probably contributes to the increase of AA concentration. Some studies \[[@R46], [@R47]\] reported that AA concentration in cocoa is variable and can reach concentrations of about 600 μg/kg.

In the scientific report of EFSA \[[@R28]\] on AA levels in food from monitoring years 2007 to 2010, the average concentration of AA in breakfast cereals and biscuits ranged from 138 and 289 μg/kg to a maximum of 1290 and 5849 μg/kg respectively, and the median values are 99 and 91 μg/kg (data referring to 2010). We noted that our results show mean and median values higher than those reported by EFSA \[[@R28]\], while the maximum values are clearly lower.

Our results, compared to the AA indicative values recommended \[[@R37]\], showed that 22.7% of biscuits and 33% of breakfast cereals exceeded the indicative values set at 500 μg/kg for biscuits and from 200 to 400 μg/kg for breakfast cereals, depending on the composition. Our findings are interesting to evaluate the impact of AA on dietary intake as the overall consumption of breakfast cereals by Italian consumers is 14.8 g/d, while the overall consumption of biscuits is more relevant because it is rated at 27.3 g/d. For food consumption data Authors referred to a survey carried out by the Italian Institute for Nutrition (INRAN) \[[@R48]\] that is highly representative of Italian population for age, gender, geographical area and the wide number of subjects involved.

Conclusions {#S4}
===========

In conclusion our data, not unlike that from the most recent research carried out in Italy and other countries, showed widespread contamination by AA with high frequency of positive samples (91% of all samples tested ≥ LOD) and considerable variability in concentration values, most likely due to industrial processing and the presence of various ingredients.

The good news is that 41.1% of samples tested, 40.9% biscuits and 41.7% breakfast cereals, showed an AA concentration below 100 μg/kg, which can be considered a low value, even if low concentrations may not imply zero risk, especially in view of neoplastic effects based on animal evidence.

Since cereal based products are contributing substantially to human exposure, reducing AA levels in foods should be a high priority to decrease the risk for human health.
